Astroparticle Physics 93 (2017) 46-55

Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier.com/locate/astropartphys

- ASTROPARTICLE
PHYSICS

EAS age determination from the study of the lateral distribution of
charged particles near the shower axis with the ARGO-YB] experiment

B. Bartoli®", P. Bernardini®Y, X.J. Bi¢, Z. Cao¢, S. Catalanotti*®, S.Z. Chen®, T.L. Chen’,

S.W. Cui?, B.Z. Dai", A. D’Amone®¢, Danzengluobu, I. De Mitri“9, B. D’Ettorre Piazzoli®",
T. Di Girolamo®®, G. Di Sciascio!, C.F. Feng!, Zhaoyang Feng¢, Zhenyong FengX Q.B. Gou®,
Y.Q. Guo®, H.H. He¢, Haibing Hu', Hongbo Hu¢, M. lacovacci®®, R. Iuppa®, H.Y. Jia¥,
Labacirenf, HJ. Lif, C. Liu¢, J. Liu", M.Y. Liu!, H. Lu¢, LL. Ma¢, X.H. Ma¢, G. Mancarella®q,
S.M. Mari™", G. Marsella“d, S. Mastroianni® P. Montini, C.C. Ning’, L. Perrone“¢,

P. Pistilli™", P. Salvini®, R. Santonico, P.R. Shen€, X.D. Sheng¢, F. Shi¢, A. Surdo*,

Y.H. Tan¢, P. VallaniaP9 S. Vernetto?d, C. Vigorito™4, H. Wang¢, C.Y. Wu¢, H.R. Wu¢, L. Xue/,
Q.Y. Yang", X.C. Yang", Z.G. Yao¢, A.F. Yuan’, M. Zha¢, HM. Zhang¢, L. Zhang", X.Y. Zhang/,
Y. Zhang®¢, J. Zhao®, Zhaxiciren, Zhaxisangzhu’, X.X. ZhouX FR. Zhu¥ Q.Q. Zhu¢, (The
ARGO-YBJ Collaboration)

3 Dipartimento di Fisica dell’'Universita di Napoli “Federico II” - Complesso Universitario di Monte Sant’Angelo - via Cinthia - 80126 Napoli - Italy
b Istituto Nazionale di Fisica Nucleare - Sezione di Napoli - Complesso Universitario di Monte Sant'Angelo - via Cinthia - 80126 Napoli - Italy

¢ Dipartimento Matematica e Fisica “Ennio De Giorgi” - Universita del Salento - via per Arnesano - 73100 Lecce - Italy

dstituto Nazionale di Fisica Nucleare - Sezione di Lecce - via per Arnesano - 73100 Lecce - Italy

¢ Key Laboratory of Particle Astrophysics - Institute of High Energy Physics - Chinese Academy of Sciences - P.O. Box 918 - 100049 Beijing - PR. China
fTibet University - 850000 Lhasa - Xizang - PR. China

& Hebei Normal University - Shijiazhuang 050016 - Hebei - PR. China

Y Yunnan University - 2 North Cuihu Rd. - 650091 Kunming - Yunnan - PR. China

Ustituto Nazionale di Fisica Nucleare - Sezione di Roma Tor Vergata - via della Ricerca Scientifica 1 - 00133 Roma - Italy

iShandong University - 250100 Jinan - Shandong - PR. China

kSouthwest Jiaotong University - 610031 Chengdu - Sichuan - PR. China

! Dipartimento di Fisica dell'Universita di Roma “Tor Vergata” - via della Ricerca Scientifica 1 - 00133 Roma - Italy

M Dipartimento di Fisica dell'Universita “Roma Tre” - via della Vasca Navale 84 - 00146 Roma - Italy

" [stituto Nazionale di Fisica Nucleare - Sezione di Roma Tre - via della Vasca Navale 84 - 00146 Roma - Italy

°[stituto Nazionale di Fisica Nucleare - Sezione di Pavia - via Bassi 6 - 27100 Pavia - Italy

P Osservatorio Astrofisico di Torino dell'Istituto Nazionale di Astrofisica - via P. Giuria 1 - 10125 Torino - Italy

d]stituto Nazionale di Fisica Nucleare - Sezione di Torino - via P. Giuria 1 - 10125 Torino - Italy

" Dipartimento di Fisica dell’'Universita di Torino - via P. Giuria 1 - 10125 Torino - Italy

@ CrossMark

ARTICLE INFO ABSTRACT
Am'df? history: The ARGO-YB] experiment, a full coverage extensive air shower (EAS) detector located at high altitude
Received 4 February 2017 (4300 m a.s.l.) in Tibet, China, has smoothly taken data, with very high stability, since November 2007

Revised 4 May 2017
Accepted 2 June 2017
Available online 3 June 2017

to the beginning of 2013. The array consisted of a carpet of about 7000 m? Resistive Plate Chambers
(RPCs) operated in streamer mode and equipped with both digital and analog readout, providing the
measurement of particle densities up to few particles per cm?. The unique detector features (full cov-

Keywords: erage, readout granularity, wide dynamic range, ..) and location (very high altitude) allowed a detailed

Cosmic rays study of the lateral density profile of charged particles at ground very close to the shower axis and its

Extensive air showers description by a proper lateral distribution function (LDF). In particular, the information collected in the

ghower ige first 10 m from the shower axis have been shown to provide a very effective tool for the determination
omposition
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of the shower development stage (“age”) in the energy range 50 TeV - 10 PeV. The sensitivity of the age
parameter to the mass composition of primary Cosmic Rays is also discussed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The energy spectrum and composition in the so-called knee re-
gion (10'-10%6 eV) could be crucial to understand the origin and
acceleration mechanism of the very high energy cosmic ray (CR)
flux, which are among the main open problems in particle astro-
physics. The detailed study of several features (longitudinal struc-
ture, lateral distribution of charged component at detection level,
size, etc.) of extensive air showers (EAS), produced by these par-
ticles in our atmosphere and detected by surface apparata using
different techniques, is the primary tool for obtaining information
about CR primaries when direct measurements are prevented by
the too low fluxes.

The shower development stage in the atmosphere, is expressed
by the so-called longitudinal age, which essentially reflects the
height of the shower maximum with respect to the observation
level. When measured at a fixed altitude (the detection one), it
depends on the energy of the interacting primary particle, while,
for fixed energy, it depends on the primary nature. Indeed, heavier
primaries interact higher in the atmosphere and moreover, accord-
ing to the superposition principle, they act like a number (equal
to A, the nucleus mass number) of nucleons, each one generating
and independent shower at the same height on average (since each
nucleon carries out the same fraction of the nucleus tottal energy).
The result is that heavy primary nuclei produce showers that, on
average, reach their maximum size at a greater distance from the
detector than a lighter primary of the same energy. For this rea-
son, the combined use of shower energy and age estimations can
ensure the sensitivity to the primary nature.

An EAS array by itself cannot measure directly the shower de-
velopment stage, through the determination of the depth of the
shower maximum, Xpax (as made for instance by fluorescence de-
tectors). It can only measure the particle density distribution at
ground as a function of the core distance (described through a
lateral density function, LDF) and from the slope of this distri-
bution get information on the longitudinal shower development.
In fact, the detailed study of the lateral particle density profile
at ground is expected to provide information on the longitudi-
nal profile of the showers in the atmosphere, that is to estimate
their development stage, or age. The relation between the lateral
shape of the detected particle distribution and the shower age is
quickly explained. Showers starting high in the atmosphere show
a flat lateral particle distribution, mainly due to multiple scatter-
ing processes. Such showers, characterised by a large value of the
age parameter, are called old. On the contrary, young showers have
started deeper in the atmosphere, thus having their maximum
closer to the observation level. This results in a steeper lateral par-
ticle distribution, which corresponds to a smaller value of the age
parameter. Apart from fluctuations, the height of the shower maxi-
mum depends on energy and mass of the initiating particle. There-
fore, the lateral shape parameter is also sensitive to the mass of the
CR primary.

Historically, it was shown that such lateral distribution (at least
of the e.m. part of the shower), as measured by a traditional sam-
pling EAS array at distances of the order of hundred meters from
the core, can be properly described by a LDF like the Nishimura-
Kamata-Greisen (NKG) structure function [1,2], with parameters de-
pending on the shower size, the detection altitude and the shower
age. The age parameter determined in this way is usually re-

ferred to as lateral age [3,4], since it is obtained from the LDF. It,
in principle, coincides with the longitudinal age in particular for
purely e.m. showers, but they can in fact differ, since most show-
ers come from hadrons and the two quantities are measured with
completely different techniques. However, they are expected to be
strongly related. Moreover, as experimentally observed, the NKG
function with a single lateral age parameter is frequently inade-
quate to properly describe the lateral density distribution of EAS
charged particles at all distances. This implies that such parame-
ter changes with the radial distance and, for this reason, the con-
cept of local shower age parameter was introduced [5] to denote
essentially the lateral age at each point. As a consequence, any use
of the lateral age parameter in order to infer the shower develop-
ment stage in the atmosphere has necessarily to face that problem.
To this aim, a full MC simulation of both the shower transportation
in the atmosphere and the detailed detector response is needed.

In this paper we show how the peculiar features of the ARGO-
YB]J detector can be exploited to study the distribution of charged
particles in the region around the shower axis by describing its lat-
eral profile by means of a proper LDF, thus obtaining an estimation
of the shower development stage through the local age parameter.
We also demonstrate and discuss the sensitivity of such age pa-
rameter to the masses of the shower initiating primaries.

2. The ARGO-YB]J experiment

The ARGO-YBJ detector was a full coverage extensive air shower
(EAS) array made by a single layer of Resistive Plate Chambers
(RPCs) operated in streamer mode, for y-astronomy observations
with ~ 100 GeV energy threshold, search of Gamma Ray Bursts
in the full GeV/TeV energy range and CR studies in the energy
range (1-10%) TeV [6]. For these purposes, the array was installed
in the Cosmic Ray Observatory of YanBaJing (Tibet, China), at an
altitude of 4300 m above sea level (corresponding to a vertical at-
mospheric depth of about 606 g/cm?), and ran in its full config-
uration since November 2007 until February 2013. It was orga-
nized in 153 clusters of 12 RPCs each. Any single RPC was read
out by ten 62 x 56cm? pads, which were further divided into
8 strips, thus providing a larger particle counting dynamic range
[7,8]. The signals coming from all the strips of a given pad were
sent to the same channel of a multi-hit TDC. The whole system
provided a single hit (pad) time resolution of ~ 1.8 ns, which,
joined to the full coverage feature, allowed a complete and de-
tailed three-dimensional reconstruction of the shower front with
unprecedented space-time resolution. A system for the RPC ana-
log charge readout [9] from larger pads, each one covering half a
chamber (the so called big pads, BP), has also been implemented
and took data since January 2010. This actually extended the de-
tector sensitivity range from about 10 eV up to about 1016 eV of
the primary energy. The analog readout system has been operated
with different gain scales (from GO to G7, with increasing gains),
which determined the threshold and the maximum number of par-
ticles that could be reliably measured by each BP. The highest gain
scale G7 allowed low density values to be measured down to few
particles per m2, overlapping its dynamic range with the detec-
tor operated in ‘digital mode’, i.e. simply counting the number of
fired strips, that saturates at about 20/m2. The data collected by
this scale were mainly used for calibration purposes, following the
procedure described in [9]. The other scales had decreasing gains
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